Abstract: Ultrasonic spray-pyrolysis technique may be effective for syntheses of the HAp and various substituted apatites powders with the formula of M 10 (PO 4 ) 6 (OH) 2 (M=Ca, Sr, Ca+Sr and Ba). We have reviewed our research for 1) syntheses of HAp and substitued apatite powders by spray-pyrolysis technique and 2) coating process for porous films with good biocompatibility based on the above technique. Spray-pyrolysis technique is also effective for porous coating of biocompatible calcium-phosphate films. We wish that novel biomaterial has been developed via spray-pyrolysis technology and then use to clinical applications.
INTRODUCTION
Hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ; HAp) and β-tricalcium phosphate (β-Ca 3 (PO 4 ) 2 ; β-TCP) have excellent biocompatibility and are used as substitute materials for human hard tissues 1 . In order to create novel bioceramics with enhanced mechanical property, we have investigated 1) syntheses of hydroxyapatite powder by spray-pyrolysis technique and 2) coating process for porous films with good biocompatibility via the above technique. We will review our findings in this paper.
SYNTHESES OF HAP AND THE SUBSTITUTED APATITES BY ULTRASONIC SPRAY-PYROLYSIS TECHNIQUE AND THEIR CHARACTERIZATIONS

BACKGROUND AND OUR AIMS
The HAp is an inorganic compound with composition close to the human hard tissues, such as the living bone and teeth. When the HAp ceramics are implanted in a body, a carbonate-containing hydroxyapatite forms on their surfaces and contributes to bonding to the living bone 2 . Thus the HAp is expected to be available as substitute materials for the human hard tissues 3, 4 . Beside such biomaterials, the HAp is applicable to the fields of ion exchangers for the harmful ions 5 , adsorbents for chromatography 6 , the solid ionics 7 and catalysts 8 . The techniques for the preparation of HAp powder may be classified into two 9 ; one is a dry process or the solid-state reaction between calcium salts and phosphates under a steam atmosphere; the other is a wet process or the liquid-phase reaction between calcium ions and phosphate ions under alkaline conditions. The dry process is effective for the preparation of stoichiometric apatite powder; however, due to the presence of the hard agglomerates with undetermined shapes, the resulting powder shows poor sinterablity. On the other hand, the HAp powder obtained by the wet process tends to form the non-stoichiometric apatite or the calcium-deficient HAp powder when the conditions for HAp preparations are not strictly controlled, regardless of the excellent sinterability of the resulting powders.
A spray-pyrolysis technique is one of the powder-preparation techniques via the liquid phases 10, 11 . This technique has advantages because one can prepare the stoichiometoric and homogeneous compounds instantaneously by spraying the solutions with the desired amounts of cations into the hot zone of an electric furnace. This technique is especially effective for the preparation of HAp-like materials containing the hydroxyl group in a crystalline structure, because the powder is directly prepared in a steam atmosphere during spray-pyrolysis [12] [13] [14] . Previous preparation of calcium phosphates with various Ca/P ratios, e.g., HAp 12, 14, 16 , TCP 17, 18 , calcium diphosphate (Ca 2 P 2 O 7 ) 17, 19 and calcium metaphosphate (Ca(PO 3 ) 2 ) 17, 19 by the spray-pyrolysis technique was referred. The effects of the kinds of the starting materials on properties of HAp powders prepared by spray-pyrolysis technique were also examined 16 ; the stoichiometric HAp was easily prepared from Ca(NO 3 ) 2 as a calcium source and Such calcination and grinding operations may be omitted when secondary particles amounted to the closely packed primary particles are formed by the spray-pyrolysis of partially polymerized metal alkoxide solution 22, 23 . Successful fracture of the spherical hollow particles was achieved by spray-pyrolysing the solutions with urea as a foaming agent 24 . The resulting powder was composed of fine particles, leading to dense sintered compacts. The crystalline phase of the powder, however, included not only HAp but also carbonate-containing HAp, because the CO 2 gas derived from the urea was introduced into the apatite structure. Thus the spray-pyrolysis using urea as a foaming agent may not be effective to prepare pure HAp but only to reduce the number of hollow agglomerates.
In order to prepare pure and easily-sinterable HAp powder without using such urea, a reduction of the droplet size was tried, by replacing the ultrasonic vibrator with two-fluid nozzle as an atomizer. Since the sizes of the particles formed in the spray-pyrolysis are dependent upon the droplet sizes 20 , the reduction of the droplet size makes the formation of fine HAp particles possible. It is expected that such reduction in the droplet size may contribute to decreasing the hollow agglomerates sizes, thereby enhancing the sinterability.
In this section#2, we describe the syntheses of pure HAp powder with stoichiometric Ca/P ratio via ultrasonic spray-pyrolysis technique, and following its powder properties and the sinterability for ceramics fabrication. In addition, we will show the syntheses of some substituted apatites, such as strontiumapatite (Sr 10 (PO 4 ) 6 (OH) 2 ; SrAp) and bariumapatite (Ba 10 (PO 4 ) 6 (OH) 2 ; BaAp) and their characterizations.
SYNTHESES OF HAP AND SUBSTITUED APATITE POWDERS AND THEIR CHARACTERIZATIONS
Firstly, we will illustrate the overall view of the ultrasonic spray-pyrolysis apparatus 14, 15 in Fig. 1 . The apparatus is composed of an atomizer (ultrasonic vibrator with frequency of 2.4 MHz), a heating zone (fused silica tube: I.D. 2.5 cm and height 1 m; electric furnace: I.D. 3 cm and height 60 cm) and a powder collecting zone (test-tube type filter). The hot zone in this apparatus had two electric furnaces; the lower furnace is used for the evaporation of the solvent from the droplets and the upper furnace for the pyrolysis. The aspirator is used to help collecting the powders at the suction rate of 2 dm 3 min -1 . Sixteen kinds of the starting solutions with M/P ratio of 1.67 were prepared by mixing M(NO 3 ) 2 (M=Mg, Ca, Sr and Ba), (NH 4 ) 2 HPO 4 and HNO 3 . Table 1 shows the composition of the starting solutions and the temperatures for spray-pyrolysis. The hot zone in this spray-pyrolysis apparatus is composed of two electric furnaces; the lower furnace was used for the drying of the droplets and the upper furnace for the spray-pyrolysis. Sample Nos. 1-10 correspond to M=Ca or hydroxyapatite (HAp); The crystalline phases of the resulting powders were identified using an X-ray diffractometer (XRD). The lattice constants were calculated by the least-square method on the basis of XRD data. FT-IR measurements were carried out by the powder diffusion reflection method. The particle shapes were observed using both scanning electron microscope (SEM) and transmission electron microscope (TEM). The specific surface area (S) was measured by the BET method using N2 as an adsorption gas.
In the examination of sinterability of the resulting apatite powders, about 0.3g of the powder was uniaxially pressed at 100MPa and then cold-isostatically pressed at 150 MPa to form a cylindrical compact with a diameter of 10 mm and thickness of ~3 mm; the compact was fired at a temperature between 1050 ºC and 1200 ºC for 5 h (heating rate; 10 ºC•min -1 ). The relative density of the sintered compact was calculated by dividing the bulk density by the theoretical density of various apatites (ex, 3.16 g cm -3 of HAp). 
SYNTHESIS OF HAP POWDER AND ITS SINTERABILITY
Determination of the spray-pyrolysis conditions for hydroxyapatite synthesis
The sample powders in Nos. 1-6 were prepared to determine the optimum spray-pyrolysis conditions for the preparation of easily-sinterable powder. Figure 2 shows the typical XRD pattern (a) and FT-IR spectrum (b) of the powder derived from sample No. 2. This XRD pattern shows that the crystalline phases of the resulting powder were HAp and small amount of β-TCP. In the FT-IR spectrum, the absorptions assigned to the PO 4 group 25 are detected at 1300-900, 600 and 570 cm -1 and that assigned to the OH group 26 was detected at 3570 cm -1 . The absorptions in the range of 1600 to 1300 cm -1 are assigned to the NO 3 -group
27
. In addition, the absorptions assigned to the carbonate ion are not detected in the ranges (1450-1550 cm -1 ), as reported by Monma and Takahashi 28 . This IR spectrum suggests that carbonate-free HAp powder may be easily prepared by ultrasonic spray-pyrolysis technique.
The crystallinity of the HAp in the present powder is higher than that of the powder prepared by spray-pyrolysis technique using the two-fluid nozzle 12, 16 . In addition, the β-TCP content in the present powder is lower than in the case of the two-fluid nozzle powder. Since the average droplet diameters formed by the two-fluid nozzle and ultrasonic vibrator are found from calculation to be ~5 µm and ~1 µm, respectively, the enhancement of the crystallinity of HAp is attributable not only to an increase in the pyrolysis temperature from 600˚C to 850˚C but also to the reduction of the droplet size from ~5 µm to ~1 µm.
According to the result of X-ray fluorescence spectrometry (XRF), the HAp powder derived from sample No.2 shows that the Ca and P contents in the powder are 40.67 and 18.80 mass%, respectively. The Ca/P molar ratio is found from calculation to be 1.67, which agrees well with that of a stoichiometric composition of the HAp. As lattice constants (aand c-axes) of this HAp powder are measured, the lattice constants of a-and c-axes were 0.9434 and 0.6883 nm, respectively. The present constants are close to the reported lattice constants of a-axis (0.9432 nm) and c-axis (0.6881 nm) 28 . The results of XRF and lattice constants revealed that the present HAp powder obtained by the ultrasonic spray-pyrolysis has a high purity and stoichiometric composition.
The XRD patterns and FT-IR spectra of other sample powders were almost the same as those of the sample powder No. 2. The results were summarized Phosphorous Research Bulletin Vol. 20 (2006) pp. 61-78 Review as follows: β-TCP in the powders was present when the upper-furnace temperature was below 850˚C; only HAp was present when the upper-furnace temperature was raised up to 900˚C; crystallinity of the resulting HAp powder was enhanced with an increase of the upper-and lower-furnace temperatures.
HAp particles for sample powders Nos. 1 to 6 were observed using SEM and TEM. The particles morphologies of sample powders 1 to 6 are similar to one another. Typical results of sample powder No. 2 are shown in Fig. 3 , together with the electron diffraction image. The SEM micrograph indicated that the resulting HAp powder is composed of spherical particles with the diameters of ~1 µm or below. The TEM micrograph showed that inside some spherical particles are translucent. This observation suggests that the resulting powder is partly composed of the spherical and hollow particles. Since the particle sizes in the case of the two-fluid nozzle were ~5 µm 12, 16 , it is noteworthy that by using ultrasonic spray-pyrolysis, the particle sizes are reduced down to one fifth. The inserted result of selected area electron diffraction (SAED) shows the ring patterns with the concentric circles. Taking the XRD patterns of the resulting powders into account, these diffraction rings may be ascribed to those of HAp. Since that distinct spots did not appear in the electron diffraction image, the particles seem to be composed the minute polycrystals.
In order to examine the densification behaviour of the resulting HAp powders during heating, the linear shrinkage of the compact was measured using TMA. Figure 4 shows the results of the typical powder compact of sample 2. In the shrinkage curve (∆L/L), the shrinkage of the compact initiate at ~650˚C; it increase with temperature and attained ~16% at 1300˚C. In the derivative curve (d(∆L/L)), the shrinkage rate can divide into two regions: i.e., (i) 700˚C-800˚C and (ii) 1050˚C-1200˚C. In the range of (i) 700˚C-800˚C, the shrinkage of the HAp compact may be due to the sintering of the primary particles within the spherical and hollow secondary particles 21 .
In the range (ii), 1050˚C-1200˚C, the shrinkage appears to occur due to the sintering of the secondary particles/grains 21 . On the basis of the above results and previous reports 12, 15, 16, 24 , the sinterability of the compressed powders 1 to 6 at 1150˚C for 5 h was examined. Figure 5 (a) shows the results on the changes of the relative density with increasing the upper-furnace temperature; the lower-furnace temperature was fixed to be 400˚C. Figure 5 (b) indicates the results on the effects of the relative density with increasing the lower-furnace temperature; the upper-furnace temperature was fixed to be 850˚C.
The relative density of the sintered compact attains a maximum (~95%) when the furnace temperatures were fixed to be 850˚C (upper furnace) and 400˚C (lower furnace). The powder derived from sample No. 2 shows the best sinterability among the powders 1-6. The XRD patterns are omitted in this review, because they are almost the same as those for Fig 9 described at later. The results obtained can be summarized as follows: (1) the crystalline phase of the above sintered compacts is only HAp, (2) the absorptions assigned to the NO 3 -group disappeared. Taking the spray-pyrolysis temperatures for The main crystalline phase of the powder obtained from samples 2 and 7-10 was HAp; however, a small amount of β-TCP was present in the case of samples 7 and 8. The FT-IR results showed that these spectra included the absorption peak of ~3570 cm -1 or the peak characteristic of HAp. The resulting powders were observed by SEM; typical micrographs are shown in Fig. 6 . These SEM micrographs indicated that the resulting powders were composed of spherical particles with diameters below 2 µm. These particle diameters were reduced with decreasing concentration of the starting solution.
The spherical particles may be formed via the following processes 14, 20 : (i) the removal of the solvent from the droplet surface, (ii) the formation of microcrystalline calcium phosphates and (iii) the crystal growth of calcium phosphates. The resulting spherical particle diameters are dependent upon the droplet sizes of the starting solution. The droplet size may be reduced with decreasing concentration of the starting solution, thus reducing the spherical particle diameters. Figure 7 shows the relationship between specific surface area (SSA) and concentration of the starting solution. The SSA of the resulting powders decrease with an increase of the starting solution concentration; -1 ) among the SSAs of the powders examined. Such decrease of the SSA suggests that the growth of the primary particles may be inhibited with increasing the concentration of the starting solution. Since most of the spray-pyrolysis times are spent in removing the solvent from the droplet in the case of the dilute solutions, such as No. 10, the growth of crystals precipitated within the droplets may not be thoroughly promoted during the spray pyrolysis.
2 µm 2 µm 2 µm Sintered compacts were produced from the above-mentioned powders and some properties of the resulting compacts were examined. Figure 8 shows the relationship between firing temperature and relative density of the sintered compact.
The relative density of the compact increases with firing temperature. In the sample powder of No. 2, the relative densities at 1150˚C or 1200˚C attained ~95%; these values are the highest among the HAp powders examined. As a typical example of the sample powders (No. 2), the XRD pattern of the sintered compact fired at 1200˚C for 5 h is shown in Fig. 9 . The crystalline phase of the sintered compact was only HAp. The TCP phase was not detected in the sintered compact, although the calcium-deficient HAp is decomposed to form the TCP phase during firing 9 . This fact shows that the present HAp has the stoichiometric composition. FT-IR spectra do not contain any absorption assigned to NO 3 -; only the characteristic absorptions assigned to HAp are detected from the compacts fired at 1050˚C-1200˚C for 5 h. The XRD patterns and FT-IR spectra of Nos. 7 to 10 are almost the same as those of the sintered compact derived from the sample powder No. 2. Figure 10 shows typical SEM micrographs of polished surfaces of the sintered compacts derived from the sample powder No. 2. These sintered compacts are composed of uniform-sized grains; the grain size increases with firing temperature. The average grain size is calculated by the interception method from the micrographs of the sintered compacts. Results are shown in Fig. 11 . For all specimens, the average grain size increased gradually from ~0.7 µm to 2-3 µm with firing temperature.
On the basis of the above data, the apparent activation energies for the grain growth of HAp can be calculated from the Arrhenius plot of ln G vs. 1/T, where G is the average grain size (µm) and T is the absolute temperature (K). The activation energies calculated from the slopes of Arrhenius plots were in the range of 120 to 147 kJ K -1 mol -1 . The present activation energies are in accordance with those from grain growth of HAp, ~130 kJ K 32 , who found that the corrected activation energy was ~130 kJ K -1 mol -1 . In addition, the HAp releases a part of the OH group as H 2 O at 800 ˚C or higher; thus sintering appears to proceed leading to the formation of oxyapatite 33 , Ca 10 (PO 4 ) 6 O□ (□:vacancy), during firing at 1050 ˚C to 1200 ˚C for 5 h. In order to determine the activation energy without release of the OH group in HAp, the grain growth of the HAp under the steam atmosphere has to be examined.
SYNTHESES OF SUBSTITUED APATITES POWDERS AND THEIR CHARACTERIZATIONS
As above-mentioned, ultrasonic spray-pyrolysis technique is one of the powder-preparation techniques for ceramics fabrication; this technique has advantages to prepare the stoichiometoric and homogeneous compounds instanteously by spraying the solutions with the desired amounts of cations into the hot zone of an electric furnace. In addition, this technique is especially effective for the preparation of HAp-family containing the hydroxyl group in a crystal structure, because the powder is directly prepared in a steam atmosphere during spray-pyrolysis. In this section#2.3, we describe our trials for syntheses of various substituted apatites with the formula of M 10 (PO 4 ) 6 (OH) 2 (M=Mg, Sr, Ca+Sr and Ba), except for M=Ca.
advantages to prepare the stoichiometoric and homogeneous compounds instanteously by spraying the solutions with the desired amounts of cations into the hot zone of an electric furnace. In addition, this technique is especially effective for the preparation of HAp-family containing the hydroxyl group in a crystal structure, because the powder is directly prepared in a steam atmosphere during spray-pyrolysis. In this section#2.3, we describe our trials for syntheses of various substituted apatites with the formula of M 10 (PO 4 ) 6 (OH) 2 (M=Mg, Sr, Ca+Sr and Ba), except for M=Ca. The SrAp particles in sample powders derived from samples Nos. 11 and 13 were observed using SEM. The resulting powders are composed of the spherical particles with diameters of below 2 µm. These particle sizes increase with increasing concentration of the starting solution. Such spherical particles may be formed via the above processes described in section#2.2. The resulting spherical particle sizes are dependent on the droplet sizes of the starting solution. The droplet size may be reduced with increasing concentration of the starting solution, thus reducing the spherical particle size.
The SrAp particles in sample powders derived from samples Nos. 11 and 13 were observed using SEM. The resulting powders are composed of the spherical particles with diameters of below 2 µm. These particle sizes increase with increasing concentration of the starting solution. Such spherical particles may be formed via the above processes described in section#2.2. The resulting spherical particle sizes are dependent on the droplet sizes of the starting solution. The droplet size may be reduced with increasing concentration of the starting solution, thus reducing the spherical particle size.
The sample powders (Nos. 11 to 13) were prepared in order to examine the effect of the concentration of the starting solution on the powder properties of SrAp. Fig. 12(b) shows the XRD patterns of sample powders (No. 13).
The crystalline phase of resulting powders is only SrAp 34 and no by-products were present in these powders. Lattice constants (a-and c-axes) of the SrAp powder derived from No. 13 are 0.9768 and 0.7280 nm, respectively. These constants are close to values 34 of a-axis (0.9766 nm) and c-axis (0.7276 nm) reported previously.
The SSA of the resulting SrAp powders derived from samples Nos. 11-13 are 23.2, 28.4 and 12.8 m2•g-1, respectively. The SSA of sample No. 2 was the largest among the SSAs of the powders examined.
In addition, the XRF results of the SrAp powder showed that the Sr and P contents in the powder are 53.89 and 11.40 mass%, respectively. The Sr/P molar ratio is found from calculation to be ~1.67, which agrees well with that of a stoichiometric composition of the SrAp. This fact indicates that the single SrAp phase may be prepared by spray-pyrolysing the starting solutions with the Sr/P ratio of 1.67.
2) M=Ca+Sr (Nos. 2, 11, 14-17): 2) M=Ca+Sr (Nos. 2, 11, 14-17):
The SrHAp powders could be obtained in the range of the compositions with Ca 10-x Sr x (PO 4 ) 6 Fig. 12(c) .
In this section#3, we will describe about porous coating of biocompatible calcium-phosphate films: 1) TCP, 2) HAp, and 3) calcium phosphate with gradient composition, based on spray-pyrolysis technology.
In addition, we also describe the in vitro evaluations of biocompatibility of the above films using osteoblast. 
BACKGROUND AND OUR AIMS
HAp and β-TCP ceramics have excellent biocompatibility and are used as substitute materials for human hard tissues 1 . However, the mechanical strength, especially the fracture toughness and Young's modulus, of these ceramics are inferior to those of natural bone and teeth 8 . Thus, it is difficult to use the HAp or β-TCP ceramics in the load-bearing parts of the human body. In order to improve the mechanical strength, much attention has been devoted to fabrication of a composite material of calcium phosphate either with various metals such as Ti alloys 35 or with high-strength ceramics such as alumina 36 and zirconia ceramics 37 .
4) M=Mg (No. 21):
The XRD pattern (Fig. 13(d) ) showed that no crystalline compound was present in the resulting powder; however, Mg 3 (PO 4 ) 2 formed when this powder was heated at 700 ºC or higher.
Many researchers have attempted to create composite materials possessing both excellent mechanical strength and biocompatibility by forming calcium-phosphate films on metal rods or on high-strength ceramics. In addition, using this technique, calcium-phosphate films can be coated even on a substrate with a wide area and in a complex shapes.
In this section#3, we describe some properties, such as the mechanical strength, the microstructure, including the pore size distribution of the porous films, and the biocompatibility of calcium-phosphate films formed on the above-mentioned ceramics by the spray-pyrolysis technique.
Especially, we took notice of the calcium-phosphate films formed on alumina ceramics, because alumina ceramics are well known as the most important bioinert ceramics. The main aims of the present investigation are to (i) examine some properties of the porous films consisting of β-TCP, HAp and calcium-phosphate with gradient composition, and (ii) to evaluate the biocompatibility of the resulting films in vitro, using MC3T3-E1 cells as an osteoblast model 51 . Our findings may give the field of biomaterials new information on the coating of bioceramics.
FORMATION OF POROUS TCP ON ALUMINA CERAMICS AND THEIR IN VITRO EVALUATIONS
Coating Process for Porous TCP films and its characterization
Firstly, we describe the coating process for porous TCP films based on spray-pyrolysis technique. Two kinds of starting solutions having Ca/P ratios of 0.50 and 1.67 are prepared by mixing Ca(NO 3 ) 2 , (NH 4 ) 2 HPO 4 and HNO 3 , which correspond to the compositions of calcium metaphosphate (Ca(PO 3 ) 2 ; CMP) and of HAp, respectively. These solutions will be referred to as "the CPM solution" and "the HAP solution", respectively. Table 2 gives the compositions of the starting solutions.
The alumina ceramics used as the substrate are prepared by firing the compressed powder at 1300 ˚C for 5 h with a heating rate of 10 ˚C min -1 . Commercially available α-alumina powder (Taimei Kagaku, TM-DAR) was used as the starting material. The relative density of the resulting ceramics as the substrate was about 95% of the theoretical density. Ca/P ratio
The spray-pyrolysis apparatus used for the calcium-phosphate coating (two-fluid nozzle type) is p reviously reported in detail [43] [44] [45] [46] [47] [48] [49] [50] . The TCP films are formed on the alumina ceramics, as shown in Fig. 14 . The films consisting of the CMP and HAp were first deposited on the alumina ceramics by spray-pyrolysing the CPM solution as the starting solution for 5 h and then the HAp solution for 5, 10 or 15 h. The samples are then heated to 1200 ˚C for 5 h in air with a heating rate of 10 ˚C min -1 . The CMP solution is used to form the binder between calcium-phosphate films and alumina ceramics. The spray-pyrolysis temperature was fixed at 600 ˚C; the air flow rate for spraying the solutions was 10 dm 3 •min -1 . The crystalline phases of the resulting TCP films formed by the above process were examined using a thin film X-ray diffractometer. The incident angle, θ, was fixed at 3˚. The surfaces and cross sections of the resulting films were observed by a scanning electron microscope. The adhesion property of the films to the substrates was checked by a tape test 51 , using Scotch tape (#810). The pore-size distribution of the alumina ceramics coated with calcium phosphate was examined using a mercury porosimeter. The mechanical strength of the alumina ceramics coated with calcium phosphate was determined by a three-point bending test, using 6-7 specimens for each test. The crosshead speed was 0.5 mm•min -1 and the span was 30 mm. The dimensions of the specimen for the bending test were 4.2 × 3.5 × 37 mm 3 . 
Review
Properties of porousTCP films
The crystalline phases of the resulting films on the alumina ceramics were examined by TF-XRD. Figure 15 shows the TF-XRD pattern of the films formed on the alumina ceramics by spray-pyrolysis of the CMP solution for 5 h and subsequently that of the HAp solution for 15 h and then by heating at 1200 ºC for 5 h. β-TCP is present in the resulting films, together with aluminium orthophosphate (AlPO 4 ) and alumina (α-Al 2 O 3 ) ascribed to the substrate. The XRD peak of β-TCP slightly shifts toward higher Bragg angles. The films formed by spray-pyrolysis of the HAp solution for 5 and 10 h also consist of β-TCP, AlPO 4 and α-Al 2 O 3 .
The formation of AlPO 4 in the films may be due to the reaction of P 2 O 5 in the CMP (CaO•P 2 O 5 ) as a binder with α-Al 2 O 3 as a substrate, as given by Al 2 O 3 + P 2 O 5 2AlPO 4 (1) It is well known that β-TCP is transformed to α-TCP in the range of 1120 ˚C to 1180 ˚C 54, 55 . However, the β-phase of TCP is still present in the films after heating at 1200 ˚C for 5 h. This is presumably because the β-phase of TCP was stabilized by the solid solution of AlPO 4 into TCP, as previously reported by Monma and Kanazawa 56 . In addition, the solid solution of AlPO 4 into TCP can be substantiated by the shift of the β-TCP peaks to higher Bragg angles. Figure 16 shows the SEM micrographs of the surfaces and the cross sections in the resulting β-TCP film formed on the alumina substrate, together with the microstructure of the alumina ceramics without coating.
This specimen was fabricated by spray-pyrolysing the HAp solution for 15 h. In both surfaces of alumina ceramics coated with and without β-TCP, porous films with a 3D-framework are observed to form on the alumina ceramics which consisted of grains of 1-2 µm. The pore sizes of the resulting films were about 15 µm, while the thickness of the porous films was about 50 µm. The film thickness can be controlled by changing the spraying time of the HAp solution.
The formation of such pores may be due to the connection of individual particles during sintering. Generally, the powder derived from a spray-pyrolysis technique is composed of spherical hollow particles 15, 19 . Particles deposited on the substrate rapidly shrank to generate pores of ~15 µm during the sintering at 1200 ˚C for 5 h, as reported previously [43] [44] [45] [46] [47] [48] [49] [50] . Such porous films may be effective as a scaffold for the formation of new bone.
The pore size distribution of the resulting films was examined using a mercury porosimeter. The results are shown in Figs. 17 (a) and (b) , which correspond to the porous films formed by spraying the HAp solution for 10 h and 15 h, respectively. The median pore sizes of the resulting films are determined from those cumulative curves to be ~117 µm for 10 h and ~105 µm for 15 h; the former was appreciably larger than the latter, which indicates that the film may be slightly densified with increasing spray-pyrolysis time.
It should be mentioned that the pore sizes thus measured by mercury porosimetry are apparently Review larger than those observed by SEM. The present porous framework structure is formed by the shrinkage of spherical hollow particles on the substrate and then by the interconnection of individual particles during sintering. Whereas such porous structure is observed only from the top view on the SEM observation, pores are actually interconnected three-dimensionally; this may be the reason for this discrepancy.
Klawitter 57 has classified the pore sizes required for bone ingrowth into the pores of ceramics into the following three ranges: (i) ~100 µm over for the formation of calcified bone, (ii) 40-100 µm for osteoids and (iii) 5-15 µm for infiltration of collagen fibers and corpuscles. The median pore size of the present films satisfies the conditions for ingrowth of calcified bone into porous ceramics. Thus, the present spray-pyrolysis process will be very effective for the formation of porous films and their ability to allow bone ingrowth.
The adhesive strength of the films to the substrates was examined by a tape test 51 . When a tape adhered to the films was removed from the substrates, the films are still present on the substrate. In the case of the films formed without using the CMP solution, however, the films are easily removed from the substrate, as previously reported11.
The bonding strength of the films to the substrates may have been improved by the presence of calcium metaphosphate (Ca(PO 3 ) 2 ) formed by the spray-pyrolysis of the CMP solution. The products formed by spray-pyrolysis of the CMP solution, mainly calcium metaphosphate, melted during heating at 1200 ºC to react with the alumina of the substrate, leading to formation of AlPO 4 . This AlPO 4 may act as an adhesive between the resulting films and alumina substrate. On the other hand, calcium diphosphate is partly formed from the product derived from the CMP solution during heating, and then the resultant reacted with the products formed by spray-pyrolysis of the HAp solution, mainly HAp, to form the TCP. In addition, the solid solution of the AlPO 4 into the TCP occurs, leading to the stabilization of the β-TCP structure. Figure 18 shows the bending strengths of the alumina ceramics coated with and without TCP films. These specimens were fabricated by the spray-pyrolysis of CMP solution for 5 h and HAp solutions for 5, 10 or 15 h, and then by heating at 1200 ºC for 5 h. The bending strengths of the three kinds of alumina ceramics with calcium phosphate were about 300 MPa, which are almost the same as that of the uncoated alumina ceramics. No significant difference is recognized among the specimens by an ANOVA test. These results suggest that the bending strengths of alumina ceramics coated with calcium phosphate depend on the alumina substrate.
In vitro evaluation of porous TCP films using osteoblasts
The cell used in the present investigation was the osteoblastic MC3T3-E1 cell line 51, 53 . The cell culture was tested using the following three kinds of specimens: (i) control (6-wells plate for the cell culture; polystyrene), (ii) alumina (alumina ceramics without coating) and (iii) coated specimens, that is, alumina ceramics with TCP films, which were formed by spraying the CMP solution and the HAp solution for 5 h and 15 h, respectively, and then by heating at 1200 ˚C for 5 h. These specimens for the cell culture were disk-shaped, measuring 31 mm in diameter and ~1 mm in thickness. The cells of 15×104 (cell density, 5×10 4 /cm 3 ; 3 cm 3 ) were seeded on the three kinds of specimens to examine the following cell activities: (i) initial cell-attachment efficiency, (ii) cell proliferation, (iii) alkaline phosphatase (ALP) activity normalized for DNA assay and (iv) cell morphology. The cells were cultured in the α-MEM(+) at 37 under air containing 5% CO 2 , where the α-MEM(+) is α-minimum essential medium (α-MEM) containing 
n=7-8
Firstly, we will show the results of initial cell-attachment efficiency, which determined by as following equation (2). Figure 19 shows the relative initial cell-attachment efficiency (A) of the The growth curves of the cells cultured on the three kinds of specimens are shown in Fig. 20 . The cells on the coated specimens proliferate in a similar manner to those of the control and the alumina ceramics. Nevertheless, there is a difference in the number of cells cultured for 1 d among the three kinds of specimens, because of the differences in the initial cell-attachment efficiencies as mentioned above. This result indicates that the proliferation rate of the cells cultured on the coated specimen is a match for the control and the alumina ceramics. Such coated specimens are expected to have good cell proliferation similar to the control and the alumina ceramics. cells cultured on the three kinds of specimens: (i) control, (ii) alumina ceramics and (iii) alumina ceramics coated with calcium phosphate (which will be hereafter referred to as the coated specimen). The relative initial cell-attachment efficiencies are 61 ± 8 % in the alumina ceramics and 18 ± 3 % in the coated specimens with reference to the control at 100%. These results can be regarded as significant (p < 0.05) on the basis of the ANOVA test.
The above difference in the relative initial cell-attachment efficiencies may be due to the surface roughness of the specimens. The surface of the coated specimen is much coarser than those of the alumina ceramics and the control; it may be difficult for the cells to adhere to the surface on the porous coated specimens. Figure 21 shows the morphology of the cells cultured on the alumina ceramics and the coated specimens for 1 and 7 d. The cells are fully attached to both specimens in the case of 1 d. The cells on the alumina ceramics especially formed pseudopodium to spread on the specimen surface. In the case of the cells cultured for 7 d, the cells on the coated and uncoated alumina ceramics fully spread and their cell densities attained nearly the confluent, as well as in the case of the control. SEM observation reveals that the present coated specimen has a good cellular response on the cell morphology as well as the alumina ceramics. Figure 22 shows the ALP activity of cells cultured for 17 d on the three kinds of specimens. The ALP activity normalized for the DNA assay is measured in order to examine the differentiation into osteoblasts of the MC3T3-E1 cell line. These values on the three kinds of specimens were 79.9±13, 86.3±19 and 150.0±16 mIU / (dm 3 •µgDNA), at 37 ˚C, respectively; the ALP activity of the coated specimen shows the highest value among the examined specimens.
These results can be regarded as significant (p<0.05) on the basis of the ANOVA. Two kinds of starting solutions with Ca/P ratios of 0.50 and 3.00 were prepared by mixing Ca(NO 3 ) 2 , (NH 4 ) 2 HPO 4 and HNO 3 . Table 3 shows the compositions of the starting solutions. Films were deposited first by spray-pyrolysing a starting solution with the Ca/P ratio of 0.50 for 5 h and then by a solution with the ratio of 3.00 for 10 h, and then heated at 1200 ºC for 5 h under steam atmosphere. The spray-pyrolysis temperature was fixed to be 600 ºC; the solution with the Ca/P ratio of 0.50 was used as a binder between HAp films and α-Al 2 O 3 substrate. . The ALP activity of the present coated specimen is significantly higher than that of the uncoated alumina ceramics. Thus, we can conclude that the present porous films supply alumina ceramics with the specific ability to induce the differentiation of osteoblasts.
Thus, the β-TCP films employed in this investigation proved to have excellent biocompatibility, judging from the proliferation and ALP activity for the cells cultured on the three kinds of specimens. Further, the porous structure of the resulting films may enable the newly formed bone to integrate into the pores in the films which will, in turn, make the coating materials bind more strongly with the host bones.
FORMATION OF POROUS HAP FILMS AND THEIR IN VITROEVALUATIONS
In this section, we describe the formation of porous HAp films and the biocompatibility using osteoblastic cells, MC3T3-E1.
Formation of porous HAp films and its characterization
The crystalline phases of the resulting films were examined by a TF-XRD. The surfaces and cross sections of the films were observed by a SEM. surfaces and cross sections in the resulting HAp films formed on the α-Al2O3 substrate. On the surfaces, we can see porous 3D-flamework structure of the films; the pore sizes were about 15 µm. It was estimated from the cross sections that the thickness of the porous films was about 30 µm. Such porous HAp films may be effective as scaffolding for formation of a new bone.
As for a tape test for adhesion of films to the substrates, the films were still present on the substrate, when a tape was adhered to the films and then taken off from the substrates. The bonding strength of films to substrates may be improved by the presence of calcium methaphosphate (Ca(PO 3 ) 2 ) formed by spray-pyrolysing the solution with the Ca/P ratio of 0.50.
Biocompatibility of the porous HAp films using osteoblastic cells
We, next, examined the biocompatibility of the α-Al 2 O 3 coated with HAp, using the MC3T3-E1 cells, together with the control and α-Al 2 O 3 substrate. •µgDNA), 37 ºC, respectively; the ALP activity of the α-Al 2 O 3 coated with HAp showed the highest value among the examined specimens.
These results could be regarded as significant (p<0.05) on the basis of the analysis of variance. Thus the HAp films in this investigation proved to have excellent biocompatibility, judging from the proliferation and ALP activity for the cell cultured on three kinds of specimens. 
FORMATION OF POROUS CALCIUM-PHOSPHATE FILMS WITH GRADIENT COMPOSITION AND THEIR IN VITRO EVALUATIONS
HAp and TCP ceramics have excellent biocompatibilities; however, these ceramics have a limitation in their mechanical strengths for a clinical application. The HAp ceramics are stable in the body to bond with the living bone, while the TCP ceramics are gradually degraded to be replaced by newly formed bone 63 . On the other hand, the alumina ceramics have been used for a biomaterial for human hard tissues, owing to its good mechanical strength and chemical stability.
Our aims are to create composite material with excellent biocompatibility and high mechanical strengths, using these calcium phosphates (HAp, TCP) and alumina ceramics. Thus, we formed calcium-phosphate films with gradient composition on alumina ceramics by spray-pyrolysis technique, and examined the biocompatibilities of the obtained coating materials by the cell-culture test. In this section, the films where HAp and TCP phases are dominantly present at the substrate side and the surface, respectively, are referred to as "the gradient composition films". Such calcium-phosphate films may be effective for controlling the rates for both the degradation of the coating layer and the formation of -75 -the bone, as illustrated in Fig. 26 .
Formation of calcium-phosphate films with gradient composition and its characterization
Six kinds of starting solutions with Ca/P ratios of 0.50, 1.50, 1.67, 2.00, 2.50 and 3.00 were prepared by mixing Ca(NO 3 ) 2 , (NH 4 ) 2 HPO 4 and HNO 3 . Table 4 shows the compositions of the starting solutions. A solution with Ca/P ratio of 0.50 corresponds to the composition of calcium metaphosphate (Ca(PO 3 ) 2 ; CMP); it is used as a binder between the films with gradient composition and alumina ceramics.
As shown in Fig. 27 , the precursor layer for the formation of the calcium-phosphate films with gradient composition was deposited on alumina ceramics by spray-pyrolysing six kinds of solutions as follows: (i) the starting solution with the Ca/P ratio of 0.50 for 5 h, (ii) the solution with the ratio of 3.00 for 10 h, and then (iii) the solutions with the ratio of 2.50, 2.00, 1.67 and 1.50 for 2 h, 2 h, 2 h and 4 h, respectively. Subsequently, the alumina ceramics deposited with the precursor for the film formation were heated at 1200 °C for 5 h under steam atmosphere to form the calcium-phosphate films with gradient composition.
The spray-pyrolysis temperature was fixed to be 600 °C, as previously reported [43] [44] [45] [46] . The crystalline phases of the resulting films were examined by a TF-XRD. The surfaces and cross sections of the films were observed by a SEM. The pore-size distributions of the resulting films were examined using a mercury porosimeter. We examined the phase changes of calcium-phosphate films by varying the incident angle (θ) on the TF-XRD measurement, in order to determine the depth profile of the calcium phosphates presented in the resulting films. The results are shown in Fig. 28 . The crystalline phases of the resulting films are of HAp and TCP. The TCP/HAp ratio increases on going from the substrate to the surface.
Substrate
This result indicates that the calcium-phosphate films with gradient composition can be formed on an alumina ceramics by a spray-pyrolysis technique. Figure 29 shows the SEM micrograph of the surfaces in the films formed on the alumina ceramics. Porous structure with 3D-framework can be observed from the film surfaces. The thickness of the porous films was about 70 µm from the SEM observation of cross section. As shown in Fig. 30 , the pore size of the resulting porous films is distributed at three rather distinct ranges: 1000 to 10 µm, 10 to 1 µm and submicrometers.
Such porous films may be effective as scaffolding for formation of a new bone and following ingrowth of bone into the pores in films. It should be stressed that the films were still present after the tape test, when a tape was adhered to the Calcium-phosphate films with gradient composition *) Ca/P 2.50, 2 h Ca/P 2.00, 2 h Ca/P 1.67, 2 h Ca/P 1.50, 4 h *) Ca/P 2.50, 2 h Ca/P 2.00, 2 h Ca/P 1.67, 2 h Ca/P 1.50, 4 h The biocompatibilities of the calcium-phosphate films with gradient composition were examined by the cell-culture test using the osteoblastic cell, MC3T3-E1, together with the control and alumina ceramics without calcium-phosphate coating. The cells on the alumina ceramics coated with the gradient composition films proliferated in a similar manner to the case of the control and the alumina ceramics, although there is a difference in the number of cells cultured for 1 day among three kinds of specimens, because of the difference in the initial cell-attachment efficiency.
The SEM observation of the cells cultured for 5 days revealed that the cells on the alumina ceramics both with and without calcium-phosphates coating spread and that their cell densities attained nearly confluent, as well as in the case of the control.
The ALP activity per DNA content of the cells cultured for 21 days was measured in order to examine the differentiation into the osteoblasts of MC3T3-E1 cell. The results are shown in Fig. 31 , together with the value of above-mentioned HAp films. The ALP activities of cells cultured on the control, alumina ceramics and alumina ceramics coated with the gradient composition films were 7 5.4±13.8, 61.1±11.1 and 141.8±27.0 mIU/ (dm 3 •µgDNA), 37 °C, respectively. As comparing with the ALP activity of the HAp films (~103 mIU/ (dm 3 •µgDNA)), the value of alumina ceramics coated Review with the gradient composition films showed the highest value among the examined specimens. These results could be regarded as significant (p<0.05) by ANOVA.
Thus the gradient composition films with the in the present investigation proved to have excellent biocompatibility, judging from the proliferation and ALP activity per DNA content for the cell cultured on the three kinds of specimens. In addition, the resulting gradient composition films may be effective for controlling the rates for both the degradation of the coating layer and the formation of the newly bone.
CONCLUSIONS
We have reviewed our research for 1) syntheses of HAp and substitued apatite powders by spray-pyrolysis technique and 2) coating process for porous films with good biocompatibility based on the above technique. The main topics are shown as follows.
1) Ultrasonic spray-pyrolysis technique may be effective for syntheses of the HAp and various substituted apatites powders with the formula of M 10 (PO 4 ) 6 (OH) 2 (M=Ca, Sr, Ca+Sr and Ba). Actually, we have successfully synthesized the following apatites: HAp, SrAp, SrHAp and BaAp. In addition, these apatites are easily-sinterable powders, and the relative densities of the HAp, SrAp and SrHAp compacts fired at 1200 ºC for 5h attain ~95%, 96% and 95%, respectively. We concluded that (ultrasonic) spray-pyrolysis technique is especially effective for syntheses of HAp-like materials containing the hydroxyl group in crystal structure, because the powder is directly prepared in a steam atmosphere during spray-pyrolysis.
2) Spray-pyrolysis technique is also effective for porous coating of biocompatible calcium-phosphate films. Porous structure of the resulting films may enable the newly formed bone to integrate into the pores in the films which will, in turn, make the coating materials bind more strongly with the host bones. We have successfully formed porous films on various bioinert ceramics, such as alumina and zirconia ceramics beased on the above spray-pyrolysis technology; actually, develop alumina ceramics coated with three kinds of biocompatible films, i) biodegradable TCP films , ii) bioactive HAp films, and iii) calcium-phosphate films with gradient composition.
It is well-known that the HAp ceramics are stable in the body to bond with the living bone, while the TCP ceramics are gradually degraded to be replaced by newly formed bone. The current "calcium-phosphate films with gradient composition" can be designed that HAp and TCP phases are dominantly present at the substrate side and the surface, respectively. In addition, the cell-culture tests using osteoblastic cells demonstrate that these three kinds of the resulting films have a good biocompatibility, such as good cell-proliferation and differentiation into osteoblast.
Finally, we wish that novel biomaterial has been developed via spray-pyrolysis technology and then use to clinical applications. 
